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Abstract: Introduction: Low-frequency noise (LFN) leads to the development of tissue fibrosis. We previously re-
ported the development of myocardial and perivascular fibrosis and a reduction of cardiac connexin43 in rats, but
data is lacking concerning the affected type of collagen as well as the ultrastructural myocardial modifications. Ob-
jectives: The aim of this study was to quantify cardiac collagens | and lll and to evaluate myocardial ultrastructural
changes in Wistar rats exposed to LFN. Methods: Two groups of rats were considered: A LFN-exposed group with 8
rats continuously submitted to LFN during 3 months and a control group with 8 rats. The hearts were sectioned and
the mid-ventricular fragment was selected. After immunohistochemical evaluation, quantification of the collagens
and muscle were performed using the image J software in the left ventricle, interventricular septum and right ven-
tricle and the collagen |I/muscle and collagen Ill/muscle ratios were calculated. Transmission electron microscopy
(TEM) was used to analyze mid-ventricular samples taken from each group. Results: The collagen |/muscle and
collagen Ill/muscle ratios increased in totum respectively 80% (p<0.001) and 57.4% (p<0.05) in LFN-exposed rats.
TEM showed interstitial collagen deposits and changes in mitochondria and intercalated discs of the cardiomyo-
cytes in LFN-exposed animals. Conclusions: LFN increases collagen | and lll in the extracellular matrix and induces
ultrastructural alterations in the cardiomyocytes. These new morphological data open new and promising paths for
further experimental and clinical research regarding the cardiac effects of low-frequency noise.

Keywords: Low-frequency noise, collagen | and Ill, myocardial ultrastructure, immunohistochemistry, transmission
electron microscopy

universal existence of LFN in modern societies
can contribute to aggravate preexisting cardiac
diseases or even explain some idiopathic car-
diomyopathies and ventricular tachyarrhyth-
mias. Consequently, looking into new morpho-
logical data, one can establish more bridges to
experimental and clinical investigations.

Introduction

Low-frequency noise (LFN) is characterized by
large pressure amplitude (=90 dB SPL) and low
frequency bands (<500 Hz) and leads to an
abnormal proliferation of collagen and develop-
ment of tissue fibrosis [1-6]. We previously
reported a significant fibrotic development in

ventricular myocardium of rats exposed to LFN
[7] and an increase of perivascular fibrosis in
the arterial coronary vessels after exposure to
industrial noise [8]. Modifications on the elec-
trophysiological milieu, characterized by a sig-
nificant reduction of connexin43 in rats
exposed to LFN were also observed in a recent
study performed by our group [9]. From the
results of our studies we put forward that the

In the heart, type | and Il collagens represent
respectively 85% and 11% of the extracellular
matrix collagen composition and the effects of
LFN on each one are not known. Also, the ultra-
structural changes induced by LFN in the car-
diomyocyte are not defined.

The aim of this study was to perform an immu-
nohistochemical quantification of collagen |
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Figure 1. Immunostained collagen | in a section taken from the left ventricle of a LFN-exposed rat (A) and control rat
(B). Immunoreactive type | collagen appears brown between the cardiomyocytes (x 400).

Figure 2. Immunostained collagen Il in a section taken from the left ventricle of a LFN-exposed rat (A) and control
rat (B). Immunoreactive type Ill collagen appears brown between the cardiomyocytes (x 400).

and lll and to evaluate the ultrastructure of the
ventricular myocardium in rats exposed to low-
frequency noise.

Methods

Sixteen adult Wistar rats were studied. The ani-
mals were treated in accordance with the EU
Commission on Animal Protection for Exp-
erimental and Scientific Purposes and with the
Portuguese legislation for the same purpose.
Eight rats were continuously exposed to LFN for
a three-month period. The control group of 8
rats was kept in a silent environment. All the
animals were kept in cages, fed standard rat
food and had free access to water. The sound
spectrum emanating from an analog noise gen-
erator was similar to the previously reported
[10].
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After the rats were sacrificed with an intraperi-
toneal injection of a lethal dose of sodium pen-
tobarbital, the hearts were removed, fixed in
10% buffered formalin, transversely sectioned
from the ventricular apex to the atria and the
mid-ventricular fragment was selected for the
study. The fragments were dehydrated with pro-
gressive graded ethanol series, cleared with
xylene and embedded in paraffin. The paraffin
blocks were sliced into sections with 3.5
micrometers and mounted in glass slides and
after deparaffinization and rehydration the
endogenous peroxidase activity was blocked
with use of 3% H,0, for 10 minutes. Then, sec-
tions were incubated overnight at room tem-
perature with polyclonal antibodies to collagen
I and Ill diluted 1:500 for immunohistochemical
analysis. The slides were finally counterstained
with hematoxylin, dehydrated and mounted.
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Table 1. Collagen |I/muscle ratio in each anatomical region and in totum in LFN-exposed (n=8) and

control (n=8) animals

Percent increase with LFN

Anatomical region Group Mean Std. error
exposure

Lv Exposed 0.044 0.006 76% 0.055
Control 0.025 0.006

IVS Exposed 0.037 0.006 105% 0.046
Control 0.018 0.006

RV Exposed 0.059 0.008 84% 0.032
Control 0.032 0.008

in totum Exposed 0.045 0.002 80% <0.001
Control 0.025 0.002

LV=Left Ventricle; IVS=Interventricular Septum; RV=Right Ventricle; LFN=Low-Frequency Noise.
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Figure 3. Collagen I/muscle ratio (A) and collagen Ill/muscle ratio (B) in the left ventricle (LV), interventricular sep-
tum (IVS), right ventricle (RV) and in totum in LFN-exposed and control animals.

The histological images were obtained with an
optical microscope using 400 x magnifications.
In each section the optical fields were selected
from the left ventricle, the interventricular sep-
tum and the right ventricle. Criteria used to
select each field were defined by the myocardi-
al samples containing the highest visualization
of immunostained collagen | and lll. A total of
132 optical fields were selected from all the
anatomical components, by three observers,
under blinded assessment, and analyzed using
the Image J software. The signal intensity
threshold value of 140 on the O - 255 scale was
identified to distinguish collagen from other
structures and the collagen I/muscle and col-
lagen lll/muscle ratios were calculated.

Concerning the ultrastructure evaluation and
as a preliminary illustrating purpose, samples
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from mid-ventricular segments of five rats were
cut in fragments of less than 1 mm?3 and fixed in
3% glutaraldehyde in 0.1 M cacodylate buffer
pH 7.3, followed by 1% osmium tetroxide in the
same buffer and uranyl acetate 0.5% in acetate
acetic acid buffer 0.1 M, pH 5. After dehydra-
tion in ethanol and passage epoxypropane, the
samples were embedded in epoxy resin.
Ultrathin sections were stained with uranyl ace-
tate and lead citrate and were examined and
photographed in a transmission electron micro-
scope.

Statistical analysis

Data are presented as mean * SE. In order to
assess the differences between LFN exposed
and control animals concerning the collagen to
muscle ratios in each anatomical region and in
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Table 2. Collagen Ill/muscle ratio in each anatomical region and in totum in LFN-exposed (n=8) and

control (n=8) animals

Percent increase with LFN

Anatomical region Group Mean Std. error
exposure

Lv Exposed 0.084 0.014 90.9% 0.063
Control 0.044 0.014

IVS Exposed 0.091 0.009 85.7% 0.006
Control 0.049 0.009

RV Exposed 0.154 0.020 31.6% 0.206
Control 0.117 0.020

in totum Exposed 0.107 0.011 57.4% 0.027
Control 0.068 0.011

LV=Left Ventricle; IVS=Interventricular Septum; RV=Right Ventricle; LFN=Low-Frequency Noise.

totum, MANOVA model was fit to the data. A p
value <0.05 was considered statistically
significant.

Results

The histological observations showed immu-
nostained collagen | and Ill in the extracellular
matrix. Examples from LFN-exposed and con-
trol rats are shown in Figures 1 and 2 respec-
tively for collagen | and lll. Histological observa-
tions showed diffuse interstitial deposits of
collagen in LFN-exposed rats.

Prior to the analysis of the ratios, the assump-
tion of homogeneous variance-covariance
matrix was validated by the M-Box test
(p=0.593). This multivariate approach to the
data showed that there were marked differenc-
es between exposed and non-exposed animals
for the selected anatomical regions and in
totum, as expressed by the statistical signifi-
cance achieved for the collagen I/muscle ratio
(p=0.001) with an observed power of 99.6%
and for the collagen Ill/muscle ratio (p=0.021)
with an observed power of 79.6%.

The results obtained for the collagen I/muscle
ratio for each of the anatomical regions and in
totum, are showed in Table 1 and Figure 3. The
percent increase with LFN exposure was 80%
(p<0.001) in totum and 76% (p=0.055), 105%
(p=0.046) and 84% (p=0.032) respectively for
the left ventricle, interventricular septum and
right ventricle.

For the collagen Ill/muscle ratio the results
obtained are presented in Table 2 and Figure 3.
In this case differences were detected at the
interventricular septum and in totum. The per-
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cent increase with LFN exposure was 57.4%
(p=0.027) in totum and 90.9% (p=0.063),
85.7% (p=0.006) and 31.6% (p=0.206) respec-
tively for the left ventricle, interventricular sep-
tum and right ventricle.

Examples of the ultrastructural analysis by TEM
are shown in Figures 4-6. In LFN-exposed rats
the ultrastructural evaluation confirmed extra-
cellular matrix alterations, characterized by
accumulation of collagen. The cardiomyocytes
are pushed apart with no visible gap junctions
at the interplicate regions of the intercalated
discs. Additionally, a considerable number of
enlarged mitochondria and some lipofuscin
granules were observed.

Discussion

Our study analyzes the cardiac type | and Il col-
lagens and the ultrastructure of the ventricular
myocardium in rats exposed to LFN. Type | col-
lagen is responsible for the tensile strength,
while type Ill contributes to the elasticity of the
myocardium. A correct balance between the
synthesis and degradation of these collagens is
necessary to maintain myocardial structure
and function. Fibrosis represents an abnormal
deposition of collagen and can lead to myocar-
dial stiffness and diastolic dysfunction [11, 12]
and in addition, modifies the electrophysiologi-
cal myocardium properties facilitating the
occurrence of ventricular arrhythmias [13, 14].

In our study, a significant increase of collagen |
and lll was observed. An increase was shown in
all the studied anatomical areas but some did
not reach statistical significance.

The ultrastructural observation denoted high
concentration of collagen in the extracellular
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Figure 4. Electron micrograph (TEM) of a section of ventricular muscle. A. Control rat; B and C. LFN-exposed rats.
Fibroblasts (F) surrounded by collagen (arrows) are observed in the interstitium of the exposed rats.

matrix next to fibroblasts, confirming the pro- served in the cardiomyocytes by the presence
nounced effect of LFN on the connective tis- of numerous enlarged mitochondria. In a previ-
sue. Another relevant modification was ob- ous study performed in rats submitted to infra-
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Figure 5. Electron micrograph (TEM) of a longitudinal section of ventricular muscle. A. Control rat; B. LFN-exposed
rat. Numerous enlarged mitochondria surrounding the sarcomeres are observed in the LFN-exposed rat (M). Lipo-
fuscin granules are also observed in LFN exposed rats (L).

sound [15], swelled mitochondria were
observed, explained by a possible cellular
membranous direct damage, leading to an
overload of Ca?* and consequent inhibition of
the oxidative phosphorylation, followed by a
reduction of the cardiomyocyte energy. In con-
trast, in our study, an increase of the mitochon-
dria number and size was observed, being the
main organelle alteration in response to LFN.
This new data may suggest high-energy activity
in cardiomyocytes and suggests that cardiac
morphological changes induced by LFN may
not be confined to the extracellular matrix.

Corroborating the hypothesis of a direct delete-
rious LFN action on the cardiomyocyte are the
results we previously reported showing a reduc-
tion of cardiac connexin43 after LFN exposure
[9]. However, the TEM observations in the pres-
ent study, of cardiomyocyte separated cell
membranes, puts forward the hypothesis of
gap junction disruption, possibly caused by an
interstitial fibrotic development. Further stud-
ies are needed to confirm these data.
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Meanwhile, the immunohistochemical demon-
stration of an augmented collagen as well as
the ultrastructural evidence of relevant colla-
gen deposits, follow the line of our previous
morphological studies showing a significant
myocardial fibrotic development induced by
LFN [7]. We believe that this acquired experi-
mental knowledge on extracellular matrix modi-
fication should constitute the support for clini-
cal research applied to people exposed to LFN.

In fact, myocardial fibrosis can lead to clinical
consequences such as reduced coronary flow
reserve, ventricular diastolic dysfunction and
ventricular tachyarrhythmias. Coronary perivas-
cular fibrosis can limit vessel distensibility and
impair coronary blood flow [16, 17]. Interstitial
myocardial fibrosis has deleterious effects on
diastolic function through an increased stiff-
ness and reduction of elasticity of the ventricu-
lar myocardium [11, 12, 18]. Additionally,
severe ventricular tachyarrhythmias may devel-
op through reentrant phenomena induced by

Int J Clin Exp Pathol 2013;6(11):2333-2341



Effects of low-frequency noise on cardiac collagen and cardiomyocyte ultrastructure

Figure 6. Electron micrograph (TEM) section of a LFN-exposed ventricular myocardium, showing a typical steplike
intercalated disc and numerous mitochondria surrounding the sarcomeres. Cell membrane separation (arrows) is
observed in the interplicate region of the intercalated disc.

the electrophysiological heterogeneities in con-
sequence of myocardial fibrosis [19-21].

Considering our previous and these present
results, we can stress the importance of the
clinical diagnosis and characterization of myo-
cardial fibrosis as well as the study of its possi-
ble arrhythmic consequences. These issues
deserve further clinical research in populations
exposed to LFN.

One possible way could be the use of biochemi-
cal markers for myocardial fibrosis. In fact, high
serum levels of procollagen type lll aminotermi-
nal peptide were shown in hypertensive
patients [12], in dilated cardiomyopathy [22] in
hypertrophic cardiomyopathy [23] in congenital
heart disease [24] and in heart failure [25, 26].
Excessive levels of procollagen type | carboxy-
terminal peptide was found in hypertensive
patients [12, 27]. The relation however between
these biomarkers and the myocardial fibrosis
induced by LFN is not known. Nevertheless,
and taking into account the significant increase
of collagen | and Il found in our study, we do
not discard a potential clinical application of ap-
plying specific fibrosis biomarkers to evaluate
populations exposed to low-frequency noise.
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Bearing in mind a possible link between modifi-
cations of biochemical markers for myocardial
fibrosis and ventricular arrhythmogenesis [28]
and hypothesizing that LFN can induce a mor-
phological arrhythmogenic substrate [9] the
use of specific biomarkers to identify LFN-
exposed individuals or patients more prone to
develop ventricular arrhythmias should be
considered.

Another relevant clinical implication can be the
use of echocardiography to evaluate the ven-
tricular diastolic function in people exposed to
LFN. In this regard a study performed in aero-
space maintenance workers showed significant
alterations of the E/A ratio reflecting changes in
the ventricular diastolic function. The use of the
echocardiographic parameter E/A ratio was
suggested to evaluate the ventricular diastolic
function and to check the health condition of
people exposed to LFN [29].

In addition, cardiac magnetic resonance can
also possibly be used to quantify cardiac fibro-
sis [30, 31]. Nevertheless, its application for
diffuse interstitial myocardial fibrosis showed
some limitations [32].

Int J Clin Exp Pathol 2013;6(11):2333-2341
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In conclusion, LFN induces cardiac morphologi-
cal changes in the extracellular matrix and in
the cardiomyocyte ultrastructure. The signifi-
cant increase of collagen | and lll and the alter-
ation detected at the cardiomyocyte intercalat-
ed disc together with the reduction of
connexin43 reported in one of our previous
studies, reinforce the hypothesis of an induc-
ible morphological arrhythmogenic substrate.
The new morphological data observed in this
study open new and promising paths for experi-
mental and clinical research regarding the car-
diac effects of low-frequency noise.
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